Graphene is used as flexible electrodes in various optoelectronic devices. In these applications, ultrafast charge transfer from semiconducting light absorbers to graphene can impact the overall device performance. Here, we propose a mechanism in which the charge-transfer rate can be controlled by varying the number of graphene layers and their stacking. Using an organic semiconducting molecule as a light absorber, the charge-transfer rate to graphene is measured by using time-resolved photoemission spectroscopy. Compared to graphite, the charge transfer to monolayer graphene is about 2 times slower. Surprisingly, the charge transfer to A-B-stacked bilayer graphene is slower than that to both monolayer graphene and graphite. This anomalous behavior disappears when the two graphene layers are randomly stacked. The observation is explained by a charge-transfer model that accounts for the band-structure difference in mono-and bilayer graphene, which predicts that the charge-transfer rate depends nonintuitively on both the layer number and stacking of graphene.
I. INTRODUCTION
Graphene and related two-dimensional (2D) crystals are promising candidates for materials used in next-generation optoelectronic devices [1] [2] [3] [4] [5] [6] . In organic devices such as photovoltaics [7] [8] [9] [10] , photodetectors [11, 12] , and lightemitting diodes [13, 14] , single-layer and few-layer graphene have replaced the commonly used indium tin oxide as the conducting electrode because of its superior mechanical, electronic, and optical properties. Previous works focus on balancing the transparency and the sheet resistance of graphene by varying the layer number [15] or on controlling the electronic properties by molecular doping (ground-state charge transfer) [16, 17] . However, dynamic processes such as the transfer of localized charges from organic materials to graphene are less explored [18] [19] [20] . An interesting question is whether the charge-transfer (CT) rate depends on the number of graphene layers and the stacking. The stacking of van der Waals layers, in principle, affects the band structure of graphene and the electronic coupling between graphene and the light absorber, but its effect on CT is not known. Indeed, the ability to tune the layer number and stacking in 2D materials has offered many exciting opportunities in controlling properties such as energy (exciton) transfer rate [21] , nonlinear optical susceptibility [22, 23] , and proton permeability [24] . In some cases, changing the stacking can also lead to the formation of new electronic phases [25, 26] .
In this work, we use time-resolved two-photon photoemission spectroscopy (TR 2PPE) and ultraviolet photoemission spectroscopy (UPS) to study the CT rate and the electronic structure of the interface formed between a commonly used organic semiconductor, zinc phthalocyaine (ZnPc), and graphene. Compared to bulk substrates such as graphite and Au, CT to graphene is found to be about 2-4 times slower, which can be attributed to the low density of state (DOS) of graphene near the Fermi level. Surprisingly, CT to AB-stacked bilayer graphene (BG) is slower than that to both single-layer graphene (SG) and graphite. Furthermore, the slower CT rate is not observed in the randomly stacked BG. This nontrivial behavior can be explained by the change in the electronic band structure of graphene induced by the electronic coupling between the two graphene layers, which in turn affects the electronic coupling between graphene and the organic molecule. Based on this result, we predict that the CT rate can be controlled by varying the number of layers and stacking of graphene.
II. EXPERIMENTS
Large area SG and AB-stacked BG are deposited on Si wafers covered with 90 nm-thick thermal oxide directly by using chemical vapor deposition (CVD). This method avoids surface contaminations commonly found in transferred graphene. A clean SiO 2 on Si substrate is placed at the center of a quartz tube reactor inside a horizontal CVD furnace. The growth conditions for SG are 140 sccm H 2 flow, 20 sccm CH 4 flow, and a growth temperature of 1100°C; whereas the growth conditions for BG are 120 sccm H 2 flow, 30 sccm CH 4 flow, and a growth temperature of 1090°C. Raman spectroscopy is used to characterize graphene samples, which can provide information such as the number of layers and stacking order [27] [28] [29] [30] . Figure 1 shows typical Raman spectra of the assynthesized SG and BG sample. In the Raman spectra, three characteristic peaks, i.e., 2D band, G band, and D band, can be identified. The ratio of the 2D band to the G-band intensity (I 2D =I G ) is 2.6 and 1.1 for SG and BG, respectively, which are the ratios commonly observed for monolayer and AB-stacked bilayer graphene [31] [32] [33] . The intensity ratio of D to G band, which correlates to the defect density, is 0.25 (0.26) for SG (BG). This ratio is small compared to that commonly observed in CVD graphene. The graphene is homogenous with over 95% coverage as determined by Raman mapping [34] . The optical and atomic force microscopy images of the samples, which are shown in Ref. [35] , indicate that the graphene is uniform and continuous. The work function of the graphene determined by UPS is 4.5 eV, which is similar to that of pristine graphene (4.5-4.6 eV) [36] , implying a very low doping level. Unless otherwise stated, experiments on graphene are done with samples grown directly on SiO 2 .
Randomly stacked BG samples are used in one of the control experiments. These samples are prepared by transferring two single-layer graphene grown on Cu successively to the SiO 2 on Si substrate by using the standard solution method [37] . In this case, the two graphene layers do not have a defined stacking relationship. Similar to the direct-grown single-layer graphene, the transferred SG has a I 2D =I G ratio larger than 2, which is a characteristic feature of monolayer graphene. The transferred graphene has a less pronounced D peak. It is known that graphene grown on Cu has a lower defect density compared to graphene grown on SiO 2 , which results in the very weak D-peak intensity. Furthermore, the ratio of the 2D band to the G-band intensity for the transferred BG [ Fig. 1(b) ] is approximately 2.1. AB-stacked BG should have I 2D =I G ≈ 1 [ Fig. 1(a) ], while SG should have I 2D =I G > 2. The larger ratio found in transferred BG indicates that the two graphene layers in the randomly stacked sample are not coupled to each other. This agrees with a previous finding in which the band structure of single-layer graphene is preserved in misoriented few-layer graphene [38] .
ZnPc molecules (Luminescence Technology, >99%), which are served as light absorbers, are deposited on SG, BG, highly ordered pyrolytic graphite (HOPG), Au, and SiO 2 substrates by thermal evaporation in an ultrahigh vacuum chamber (UHV) with base pressure <5 × 10 −10 Torr. For the HOPG sample, a fresh surface is formed by cleaving the substrate with scotch tape before the sample is introduced into the UHV chamber. For SG, BG, HOPG, and SiO 2 substrates, the sample is annealed for 12-24 h in the UHV chamber before deposition. The Au (111) surface is prepared by standard sputtering and annealing cycles. The ZnPc molecules are deposited on different substrates at room temperature at a rate about 0.8-1 Å= min, and the film thickness is measured by a quartz-crystal microbalance. After deposition, the sample is transferred under the UHV environment to another chamber with a base pressure <1 × 10 −10 Torr, where UPS and 2PPE experiments are performed. On all substrates, the ZnPc molecules have a face-on orientation as determined by the work function of the samples [35] .
Photoemission experiments are done both at room temperature and at 150 K. The sample is excited by a visible pump laser pulse with photon energy (hυ 1 ) centered at 1.75 eV, which is chosen to match the exciton absorption peak of ZnPc crystals. The pulses (energy about 280 nJ and duration about 25 fs) are generated by a noncollinear optical parametric amplifier (NOPA) (Orpheus-N-2H, Light Conversion). The excited electrons are ionized by a time-delayed probe pulse (hυ 2 ¼ 4.43 eV, pulse energy about 5 nJ, and pulse duration about 55 fs), which is frequency doubled from the output of another NOPA (Orpheus-N-3H, Light Conversion). The probe photon energy is chosen to be around the sample work function to avoid one-photon photoemission. Both NOPAs are pumped by a Yb∶KGW regenerative amplifier running at 125 kHz (Pharos 10 W, Light Conversion). The full width at half maximum (FWHM) beam diameter at the sample is 0.8 mm. The photoelectrons are detected by a hemispherical electron-energy analyzer (Phoibos 100, SPECS). 
III. RESULTS

A. Energy-level alignment at the interface
Since CT can be sensitive to the band alignment at the interface, the energetic positions of ZnPc unoccupied states with respect to the substrate's Fermi level (E F ) are first determined. Figure 2 (a) shows the UPS spectra (spectra below E F ) together with the 2PPE spectra (spectra above E F ) for samples with 0.5 nm of ZnPc deposited on various substrates. The position of the highest occupied molecular orbital (HOMO) of ZnPc can be determined from the UPS spectra on the left. The 2PPE spectra can be used to determine energetic positions of the excited states. In Fig. 2(b) , 2PPE spectra at a delay time equal to 100 fs are shown on the right. In order to show the intermediate states excited by the pump pulse exclusively, all the 2PPE spectra presented are subtracted by the corresponding background spectrum obtained at negative delay times. A typical time-resolved spectrum for the ZnPc=SG sample before background subtraction is shown in Ref. [35] .
For the SG, BG, and HOPG samples, two peaks can be identified. The lower energy peak is located at around 1.6-1.7 eV above the HOMO peak of ZnPc. Since the energy separation from the HOMO to this peak matches the lowest absorption peak of ZnPc crystals, we have previously assigned it to the optically excited singlet exciton (S 1 ) in ZnPc [39] . The S 1 peak persists for thicker (10-nm) ZnPc samples [39] . Another peak, which is labeled as "P," is located at a higher energy. This peak is short-lived (lifetimes approximately 65-80 fs) and is related to the interface because its intensity diminishes with increasing ZnPc thickness. The energy of this state (2.2-2.4 eV above the HOMO peak) is too high to be excited directly from the HOMO with our pump pulse (1.75 eV). Therefore, we propose that this state is originated from electrons optically excited from the substrate to the lowest unoccupied molecular orbital (LUMO) of ZnPc. The approximately 0.7-eV separation between the S 1 and P peak can be accounted for by the exciton binding energy. A similar peak assignment has been made for α-sexithiophene, in which the exciton peak is located at approximately 0.9 eV below the LUMO peak [40] . The position of this state is also consistent with previous inverse photoemission measurements in which the bottom of the LUMO band is found to be about 2.4 eV above the HOMO peak [41] . Another possible origin for the P peak can be an interfacial state similar to those observed in metal-organic interfaces [42, 43] . For the ZnPc molecules deposited on Au, both the HOMO and S 1 are located at higher energies with respect to E F , but the separation between the two is consistent with the optical band gap of ZnPc. In ZnPc on Au, an additional state called the image potential state (IPS) can be identified. The IPS is distinct from other peaks in the time-resolved spectrum, since it has a negative lifetime (it is pumped by the UV pulse and probed by the visible pulse). The IPS has been studied previously [44, 45] and is outside the scope of this work. In this work, we will focus on the S 1 state.
Figure 1(b) shows the energetic alignment of the S 1 state with respect to E F for all substrates. The height of the boxes represents the width of the peaks observed in the spectra. Except for films deposited on Au, all samples have a similar energetic alignment in which the S 1 state is located at 0.3-0.4 eV above E F . Furthermore, in both BG and SG, there is no significant shift (<0.02 eV) in the position of the graphene σ band with respect to E F after ZnPc deposition [35] , implying that the graphene is not significantly doped by ZnPc. For comparison, previous work finds that, when FePc is deposited on graphene, ground-state charge transfer from FePc to graphene causes the Fermi level to shift up only by 0.08 eV [46] . The doping effect of ZnPc is expected to be even less due to the much weaker molecule-substrate interaction compared to that of FePc [47] .
B. Ultrafast charge-transfer dynamics
In order to determine the CT rate, time-resolved spectra for a thick ZnPc film (10 nm) and an ultrathin ZnPc film (0.5 nm) deposited on the same substrate are compared. In general, because the photoemission probe is surface sensitive, only the very top layer (approximately 1-2 nm [48] ) of the sample is probed. As a result, the CT dynamics can be probed from a thin ZnPc sample, while the intrinsic dynamics of the ZnPc film can be determined from a thick ZnPc sample. We have demonstrated previously that 2PPE can be a sensitive probe for CT [39, 49, 50] . More importantly, in our current case, all the substrates used have a band gap near the Γ point (the region in k space that is measured in our experiment). As a result, the 2PPE signal contributed by the substrates is expected to be weak. For example, in graphene, the Dirac cone is located at the K point in k space. Direct photoionization of excited electrons in the Dirac cone with our approximately 4.5-eV photons is forbidden, because the parallel momentum of electrons cannot be conserved during photoemission [51] . A much higher photon energy (>16 eV) is needed to directly ionize the hot electrons in graphene [52] . In our experiment, the hot electrons in the Dirac cone of graphene cannot be directly ionized. As a result, the photoemission signal observed for the bare graphene is nearly an order of magnitude weaker than that for the 0.5 nm ZnPc on graphene sample (Fig. S7 in Ref. [35] ). Note that the large increase in signal after ZnPc deposition cannot be explained by the increase in optical absorption. This is because single-layer graphene is a stronger light absorber compared to the 0.5-nm-thick ZnPc [35] . The weak 2PPE signal from bare graphene is also consistent with previous measurements done with graphene on single-crystal metals in which only the IPS is observed [53] . Therefore, we can safely assume that the 2PPE signal from the ultrathin ZnPc samples is mainly originated from the ZnPc molecules. Similarly, a weak 2PPE signal is observed for other bare substrates used in this study. Figures 3(a) and 3(b) show the TR-2PPE spectra for ZnPc deposited on SG. The color scale represents the photoemission intensity, which is proportional to the population of the excited states. For the 0.5-nm film, the lifetime of the S 1 exciton is very short (time constant about 100 fs). The observed lifetime agrees with the time scale commonly found for CT in organic semiconductors [54, 55] , inorganic materials [56, 57] , and hybrid interfaces [58] but is at least an order of magnitude smaller than the typical energy-transfer time [59] . In contrast, for the 10-nm sample [ Fig. 3(b) ], the rate of intensity decay for the S 1 peak is orders of magnitude slower, and the majority of the signal decays with a time constant on the order of 10-100 ps. At this thickness, the exciton near the surface cannot interact directly with the substrate, and the dynamics within the time window considered is insensitive to the film thickness [39] . Hence, the dynamics for the 10-nm sample represents the intrinsic dynamics of the ZnPc film. On the other hand, the ultrafast signal decay observed in the 0.5-nm film is not originated from the intrinsic dynamics of ZnPc. We attribute it to CT from the S 1 state to graphene. To further confirm that the ultrafast signal decay is mainly contributed by CT, an ultrathin layer of ZnPc is deposited on Si covered with native oxide in which no CT is expected. In this case, no rapid intensity decay is observed, and the dynamics is similar to that of a 10-nm film [Figs. 4(a) and 4(b) ]. The timeresolved spectra for ZnPc on BG, HOPG, and Au are qualitatively similar [35] . For the 0.5-nm samples, the intensity decreases with a time constant that depends on the substrate due to different CT rates.
In Fig. 3(a) , the intensity of the higher-energy portion of the S 1 peak decreases at a faster rate compared to that of the lower-energy portion of the peak, which causes narrowing of the S 1 peak. This can be explained by faster CT for electrons with more excess energy. To determine the average CT rate, the intensity is integrated over an energy range as shown by the vertical arrow in Fig. 3 . The integrated intensity as a function of time is shown in Fig. 4(a) . The initial intensity drop is fitted with an exponential decay convoluted with the finite width of the laser pulses to metals is reported to have a transfer time in the range of 10-50 fs [40, 60] , which is comparable to our CT rate for Au. For interfaces dominated by π-orbital coupling, e.g., CT at organic-organic interfaces [49, 50, 54, 55, 61] , the CT times are around 100 fs, which can be compared to our CT rate for graphene. After the first few hundred femtoseconds, CT becomes progressively slower. This is likely to be caused by electron relaxing to lower-energy traps at the interface, which impedes further CT. Therefore, it is critical to optimize the initial CT rate to avoid electron trapping at the interface. The S 1 intensity as a function of time for the 10-nm samples is shown in Fig. 4(b) . The intensity decreases at a much slower rate, and the dynamics is independent of substrates. This result is expected, since it represents the intrinsic dynamics of ZnPc films.
Interestingly, the CT rate to AB-stacked BG is slower than the rates to both SG and HOPG instead of being in between the two rates. For comparison, 2PPE experiments are also done on graphene transferred to SiO 2 by using standard solution processes. In the transferred BG samples, since the two layers are transferred successively, they are misoriented and have a random-stacking relationship. Figure 4 (c) shows the CT dynamics for ZnPc grown on transferred SG and BG. The initial CT rate is almost the same for the transferred SG and BG samples. Both curves can be fitted with an exponential decay with a time constant of 220 fs (solid line). Therefore, the anomalously slow CT rate in BG compared to SG is observed only when the BG is AB stacked, where the two graphene layers are coupled electronically to each other. We also note that CT to transferred graphene is slower compared to direct-grown graphene. For transferred graphene, it is known that a small amount of polymethyl methacrylate (PMMA) remains on the surface after the transfer [62] . For ZnPc molecules deposited on the residual PMMA, CT to graphene is likely to be slowed. Since our laser pulse samples a relatively large area (beam diameter about 0.8 mm), the average CT rate becomes apparently slower for the transferred graphene.
C. Charge-transfer model
The slower CT observed in BG compared to SG cannot be explained by traps, since the intensity ratio of the D and G peak in the Raman spectrum is small and similar for SG and BG [ Fig. 1(a) ], which indicates a comparable defect density. On the other hand, the results can be explained by considering the electronic band structure. In the nonadiabatic limit, the CT rate k CT from an electron donor to an acceptor can be described by [63, 64] 
Here, V da is the electronic coupling strength between the donor and acceptor, the index a represents all available acceptor states, and F da is the Franck-Condon factor. In our case, since the acceptor (the conduction band of the substrate) has a continuum of states, one can generally find an acceptor level that has a barrierless transition [63] . This agrees with our observation that the CT rate is nearly the same at 150 K and at 300 K [35] . The acceptor state that allows a barrierless transition dominates CT and should locate energetically between the S 1 state of ZnPc and E F [ Fig. 2(b) ]. Therefore, the transfer rate k CT is proportional to the DOS of the substrate near E F . Compared to graphene, bulk conductors usually have a much larger DOS near E F . This agrees with our observation that CT to graphite and Au is faster than that to SG and BG.
To understand the difference between SG and BG, we need to consider their band structure. The band structure of SG and BG is well studied [65] , which is reproduced here by using a tight-binding model. In our model, only the inplane nearest-neighbor interaction and the A-A site interlayer coupling are considered. The coupling constant used for intra-and inter-layer coupling is −2.97 and 0.4 eV, respectively [66] . The band structure and the probability amplitudes of the eigenstates can be calculated by using the procedure outlined in Refs. [65, 66] . The band structure of BG is shown in Fig. 5(a) . Note that one of the bands [CB2 in Fig. 5(a) ] in BG is located at about 0.4 eV above E F , which is slightly above the S 1 state. Energetically, the S 1 band only slightly overlaps with the bottom of the CB2 band. In addition, a small excess energy (approximately 0.1 eV) is often needed to facilitate CT in organic molecules because of nuclear reorganization. Taking these two factors into account, CB2 should be a much slower CT channel as compared to CB1. Here, we assume that CB1 dominates the CT for AB-stacked BG. Nevertheless, since one additional band is present in BG as compared to SG, the total CT rate to BG should still be increased by CB2 even though its contribution would be very small. Therefore, the DOS argument cannot explain the slower CT observed for AB-stacked BG. In order to explain the experimental results, we note that the CT rate also depends on the electronic coupling term V da in Eq. (1), which depends on the wave function overlapping between the donor and acceptor states.
To this end, the wave function for the conduction band near E F for SG and BG is determined. In a typical tightbinding model, the wave function can be written as
In this equation, φ i is the atomic orbital at site i, a i is the probability amplitude, and the summation is done over all atoms in the basis. In SG, the magnitudes of a i for A and B sites are always equal (ja A j 2 ¼ ja B j 2 ¼ 0.5). Hence, electrons occupy both the A and B sites [65] . Figure 5(b) shows ja i j 2 for the A and B sites in BG. Only results for the CB1 band are shown. In contrast to SG, the probability amplitude at the A site vanishes near the K point; i.e., electrons occupy the B sites only [inset in Fig. 5(b) ] [65] . Half of the sites in the layer that is in direct contact with the molecules have a zero electron density. Indeed, the other half of the probability density is located at the second layer. As a result, compared to SG, the wave function overlapping between the molecules and graphene in BG should be significantly weakened, especially since the wave function of the molecular state is rather localized. This leads to a smaller V da . In summary, CT to CB1 becomes slower because of poor wave-function overlapping, while the contribution from CB2 to the overall CT rate is expected to be small, because it is located at an unfavorable energy position. As a result, the overall CT rate to BG becomes smaller as compared to SG. Note that this argument is valid only when the two graphene layers have a well-defined stacking relationship. Therefore, the anomalous CT rate is observed only in AB-stacked BG [ Fig. 4(a) ] but not in the transferred BG [ Fig. 4(c) ].
IV. CONCLUSION
Our results have several interesting implications to CT in systems where the donor state locates slightly above the conduction band minimum of graphene. First, for trilayer graphene with an ABA stacking, the CT rate should increase as compared to that in BG, because the additional conduction band introduced by the third layer is located near E F (i.e., this band is expected to participate in CT). For each subsequent even (odd) layer added to the stack, the new band is locating away from (near to) E F [65] . As a result, based on the above argument, the magnitude of the CT rate is expected to oscillate with the increase in the layer number until it converges to that for graphite. On the other hand, for trilayer graphene with an ABC stacking, the CT rate would be even smaller than that of AB-stacked bilayer graphene. This is because the new band introduced by the new layer is located away from E F [67] . For the band located near E F , the wave function is spread across three layers instead of two, which would further decrease the extent of wave-function overlapping with the molecular orbital. Finally, the present model is generic without considering the details of the molecular state. Therefore, the same conclusion can be generalized to the interaction between graphene and other organic semiconductors. In conclusion, the CT rate at the graphene-organic-semiconductor interface can be controlled via the total number of graphene layers and their stacking relationships, which provides a design strategy for optoelectronic devices using graphene as a conductor. 
